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摘 要 
 

論文名稱：針對不受相位光罩長度限制的製作新方法分析密波長多工多通道光

纖光柵濾波器頻譜干擾之最佳化修正                                  

校所別：國立交通大學光電工程研究所          頁數：61頁 

畢業時間：九十六學年度第二學期              學位：碩士  

研究生：辛宸瑋                          指導教授：賴暎杰 老師 

 

關鍵詞：光纖光柵、側面繞射位置監控 

 

 

本論文提出密波長多工多通道光纖光柵濾波器頻譜干擾之最佳化修正方法。

先利用其它可能引起頻譜干擾的多通道光纖光柵設計方法做初步設計，接著利用

Lagrange multiplier optimization(LMO)最佳化演算法來達到降低頻譜干擾的最

佳化設計。由於原先的設計已提供相當接近的折射率變化輪廓，使得利用 LMO 進

行最佳化運算時只需微小變化原先設計的輪廓便能快速收斂至目標反射頻譜，同

時此混合演算方法又能保留原先設計方法的優點，例如重疊寫入多通道光纖光柵

之易於製造的特色。本論文中我們也提出一種不受相位光罩長度限制的光纖光柵

製造平台構想並針對之來分析前面所設計出來的密波長多工多通道光纖光柵在實

際製造上之容忍誤差。此種藉由相位光罩一段一段接續的光纖光柵製造平台，應

能大大提升實際製造長度很長或是較複雜之光纖光柵的容忍誤差。 
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ABSTRACT 
 

Title：Optimized spectral distortion correction of DWDM multichannel FBG filters 
for a new fabrication method not limited by the phase mask length 

Pages：61 Page 
School：National Chiao Tung University  
Department：Institute of Electro-Optical Engineering 
Time：July, 2008                       Degree：Master  
Researcher：Chen-Wei Hsin               Advisor：Prof. Yin-Chieh Lai 
 
Keywords：Fiber Bragg Grating、Side-Diffraction Position Monitoring 
  
 
 

This thesis presents work on optimized spectral distortion correction of DWDM 
multichannel fiber Bragg grating (FBG) filters. The developed hybrid algorithm starts 
from some other multichannel FBG design method which may suffer from the spectral 
distortion and use the Lagrange multiplier optimization (LMO) algorithm for final 
optimization. Due to the initially close-to-optimum index modulation profile, the 
calculation can be fast converged to the target reflection spectra by using the LMO 
algorithm and the final design still retains the merits of easy fabrication. We have also 
proposed a new fabrication method not limited by the phase mask length and have 
performed the tolerance analysis for the designed DWDM multichannel fiber Bragg 
grating (FBG) filters based on the proposed fabrication platform. By the 
section-by-section connection of the phase mask, this platform should effectively 
reduce the errors during the UV exposure and accurately fabricate FBG devices with 
long length and complicated profiles. 
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Chapter 1 

Introduction 

    

1.1 Multichannel Fiber Bragg grating 

Fiber Bragg gratings (FBGs) are essential optical devices in modern optical 

communication systems and fiber sensor applications where they find their powerful 

applicability as narrowband filters, dispersion compensators, optical add-drop 

multiplexers, and laser source tuners, etc [1]. Optical components based on 

multichannel fiber Bragg grating have recently attracted great interest because their 

interchannel response facilitates wavelength filtering in dense 

wavelength-division-multiplexing systems (DWDM) [2,3]. To fabricate multichannel 

FBGs within limited length of photosensitive fibers, the most simplistic approach is to 

sequentially superimpose several single-channel FBGs with their location slightly 

shifted in order to escape the saturation behaviour of the fiber photosensitivity [4]. 

However, the overlapped single-channel FBGs will still suffer from the spectral 

response distortion due to spatial and spectral overlap. If the spatial overlapping is 

wider, in spite of the total length of the multichannel FBG can be shorter, the spectral 

response distortion will become worse. 

Another widely used method for designing and fabricating multichannel FBGs is 

the sampling method. By encoding a periodic sampling function for the amplitude 

and/or phase of the seeding single-channel grating, the multichannel reflection 

spectrum can be generated [5-7]. However, there will still be some interchannel 

interference, which would cause the distortion in each channel to make channels no 

longer identical, especially for a strong multichannel grating or when the seeding 



 2

grating has steep jumps in either phase or amplitude. 

    Recently, many inverse design methods or optimization-based approaches for 

FBG design have been proposed. The advantages of inverse design methods like the 

inverse scattering discrete layer-peeling (DLP) algorithm are fast, efficient, and direct 

[8-10]. Nevertheless their designed results would easily exceed the maximum index 

change of the fiber photosensitivity especially when designing multichannel FBGs. 

Therefore some optimization-based methods have been used to constrain the maximum 

index change. These methods include genetic algorithms, Levenberg-Marquardt 

method, etc [11,12,13]. However, the designed envelopes of the index change for 

mutichannel FBGs from the optimization-based methods are typically complicated 

with many sharp index changes and are thus hard to fabricate. Moreover, the required 

iteration to achieve the optimization may take long time. In the literature there are also 

reports about using DLP with simulated annealing optimization process to synthesize 

the multichannel gratings [14].  

 

 

 

1.2 Motivation and purpose of the research 

In principle, if the distortion of spectrum can be neglected, the superimpose 

method and sampled method are relatively attractive. The former is the most simplistic 

approach and the latter is also useful and widely used, particularly because the 

advanced high index change photosensitive fibers still developing nowadays can 

accommodate a higher and higher number of channels [15]. In this study, a new 

optimization correction method for spectral distortion of multichannel FBG design is 

investigated. The approach starts from some other design methods of multichannel 
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FBGs especially for the superimpose fabrication method which will suffer from the 

spectral distortion, and then utilizes the optimization algorithm to correct these 

distortion. In this work, we will employ the Lagrange multiplier optimization (LMO) 

algorithm for optimization. The designed examples of superimpose FBGs will be used 

for demonstrating the correction of spectral distortion, just for the reason of being the 

most simplistic way for fabrication. Compared with the slow convergence rate of 

iteration from typical optimization-based methods, this approach can fast and 

efficiently converge to the optimization target starting from the close initial profile and 

still retains the easy-fabrication feature. It is especially superior to design higher 

reflectivity multichannel FBGs because the summation of their profiles may more 

easily go up to the saturation of the photo-induced refractive index change, where 

some means are needed to prevent the distortion exceeding the tolerance performance. 

After accomplishing the optimization correction, we then investigate a novel 

fabrication platform and analyze the tolerance of the above multichannel FBG design 

on such a platform. In the literature, the invention of the phase mask approach made 

the fabrication of FBG devices easier and stable. However it is more restricted if 

complicated FBGs are to be made. Therefore, some sequential UV-writing methods 

have been developed. With a real-time interferometric side-diffraction position 

monitoring technique, the phase of the FBGs can be controlled precisely [16]. 

Nevertheless the random phase errors in every UV exposure step still made this 

method non-accurate than the phase mask method. Other works in the literature 

fabricate complex grating structures with uniform phase masks based on the moving 

fiber-scanning beam technique[17]. However, to produce long FBGs needs longer 

phase masks and the cost of which is more expensive, in proportion to their length and 

complicated profiles. In this study, a new FBG exposure platform is proposed. Above 
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the main translation stage of this platform, a smaller translation stage is used and the 

uniform phase mask is bracket above this smaller one. This design can accomplish 

writing any length of FBGs by moving the position of phase mask to the next section 

of writing position, without limited by the phase mask length. For the purpose of 

period match after moving, the side-diffraction position monitoring is used. By 

utilizing the reference FBG and the phase mask as the position monitoring components 

to detect the writing fiber and the phase mask position individually, one can then adjust 

the PZT to reach period match. This new setup can avoid the requirement of expensive 

long length of phase masks by using the cheaper way of side-diffraction position 

monitoring technique to precisely control the phase when the phase mask is moving to 

the next section. 

 

 

 

1.3 Structure of this thesis 

 The thesis comprises five chapters. Chapter 1 is an introductory chapter consists 

of an introduction to multichannel fiber Bragg gratings, some general algorithms for 

multichannel FBG design, motivation and purpose of the research. Chapter 2 describes 

the background of theories and fabrication methods employed in this research. It 

contains the coupled-mode theory, transfer matrix method, discrete layer-peeling 

method, and Lagrange multiplier optimization method. The fabrication methods 

include sequential UV writing techniques, real-time interferometric side-diffraction 

position monitoring by probing the reference fiber grating and the phase mask 

separately, and finally the least square error fitting method for determining the 

exposure parameters will be introduced. Chapter 3 describes the principles of the 
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research, the optimization correction of spectral distortion for DWDM multichannel 

FBG filters and a new fabrication method not limited by the phase mask length will be 

proposed. Chapter 4 presents the results and discussion of the research. Finally, 

Chapter 5 gives the conclusions and a discussion of future work. 
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Chapter 2 

Background of the research 

    

2.1 Theories 

2.1-1 Coupled-mode theory  

Coupled-mode theory is one of the straightforward, intuitive, and reasonably 

accurate models to describe the optical properties of most fiber gratings. It models the 

spectral response of a fiber grating given by the corresponding grating structure. 

Assuming that the fiber is lossless and single mode in the wavelength range of interest, 

then only one forward and one backward propagation mode need to be considered 

under the phase matching condition. 

 
Fig. 1  The propagation modes in the general fiber. 

In Fig. 1, the total electric field is the superposition of the forward and backward 

propagation modes        y)(x, (z)ψby)ψ(x,)(),,( 1-1 += zbzyxEx   

y)ψ(x,ey)ψ(x,e  z -iβz iβ +=  
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ψψ)β

y
ψ

x
ψ( 2

2
22

2

2

2

2

=
∂
∂

+−
∂
∂

+
∂
∂ μεω  

=> 0}ψ-y)(x,nk
yx

{ 222
2

2

2

2

=+
∂
∂

+
∂
∂ β                            (1) 

k in here is μεω
n

 , n  is the refractive index profile of unperturbed fiber. Equation 

(1) is the wave equation in general fibers. 

 
            x 

Fig. 2  The propagation modes in fiber grating. 

Considering the fiber grating in Fig. 2, because there is also the index perturbation 

in z direction, the wave equation may be written as ,,(k 222 yxnEx +∇
r

z)=0 

Thus, 0)],,()[( 22
2

2

2

2

2

2

=+
∂
∂

+
∂
∂

+
∂
∂

xEzyxnk
zyx

                             (2) 

),,( zyxn  is the refractive index profile of perturbed fiber. 

    After discussing the wave equation in general fibers and in fiber gratings 

separately, now considering if one mode is exactly entering the perturbed index such as 

the fiber grating case in Fig. 3, then the electric field can be written as a superposition 

of the forward and backward propagating modes near the Bragg wavelength. 

 

x 

Fig. 3  The mode is exactly entering the perturbed index. 
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y)ψ(x,)(by)ψ(x,)(),,( 1-11 zzbzyxE +=   

Put E1 into equation (2), which means E1 satisfies the wave equation in the fiber 

grating case. One has 

0)y)ψ(x,)(by)ψ(x,)()](,,()[( 1-1
22

2

2

2

2

2

2

=++
∂
∂

+
∂
∂

+
∂
∂ zzbzyxnk

zyx
             (3) 

E1 has to satisfy the equation (1), too. From the equations of (1) and (3) we can obtain 

the following equation (4) with ((3)-(b1+b-1)*(1))*ψ(x,y) and integrated over the 

xy-plane and by replacing kneff=β . 

0))]((2[)( 1111
2

112

2

=++++
∂
∂

−− bbzDbb
z

ββ                                (4) 

where 
∫

∫ −
=

dA

dAnn
n
k

zD co
2

222

11 ψ

ψ)(
2)(                                     (5) 

Assume the condition is slowly varying envelope approximation and the phase 

matching condition. By simplifying equation (4) with setting zieb β=1 and zieb β−
− =1 , 

equation (6) can be obtained.        

111111
1

111111
1

)(

)(
{

biDbDi
dz

db

biDbDi
dz
db

−=++

=+−

−
−

−

β

β
                                         (6) 

For FBGs, the z-dependence of the index perturbation is approximately 

quasi-sinusoidal, so  

)(Δ))(2cos()(Δ dcr,acr,
22 zzzznn εθπε ++

Λ
=−  

      )(Δ)(
2

)(Δ
r.dc

22
acr, zeeee

z iziizi
ε

ε θ
π

θ
π

++= −Λ
−

Λ                          (7) 

where Λis the grating period. 

Put equation (7) into (5) and rewrite 11D  as 

)()()()(
2

*
2

11 zezezzD
zizi

σκκ
ππ

++= Λ
−

Λ                                     (8) 
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The term κ(z) is proportional to θε i
acr e,Δ , which is a slowly varying complex 

function for ac term. σ(z) is the slowly varying function for dc term. 

    Let’s now consider more details about b1 and b-1. By neglecting the phase change 

from the slowly varying dc term, b1 and b-1 can be rewritten as 
zi

ezuzb Λ=
π

)()(1     ,   

zi
ezvzb Λ
−

− =
π

)()(1  

Replacing the new b1 ,b-1 terms and substituting equation (8) into equation (6) with 

σ(z)=0, one obtains 

uzqvi
dz
zdv

vzqui
dz
zdu

)();(

)();(

{
*+−=

+=

δδ

δδ

                                               (9) 

This equation is the so-called couple-mode equations for FBGs. Here 

c
neffB )( ωωπβδ

−
=

Λ
−=  and )()( zizq κ= , where 

B
B

c
λ
πω 2

=  . Furthermore, q(z) 

here is called the coupling coefficient of the FBG. 
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 2.1-2 Transfer matrix method 

 According to the coupled-mode theory and Fig4, 

 

Fig. 4  The forward and backward amplitude in FBG. 

)11..(....................)(

)10......(....................)(
{

* uzqvi
dz
dv

vzqui
dz
du

+−=

+=

δ

δ
 

uuquqvjqqvujj
dz
dvzq

dz
duj

dz
ud 222*
2

2

)|(|)()()( γδδδδδ ≡−=+−++=+==>  

Assume 222 || δγ −= q  

Thus, 
v

dz
vd

u
dz

ud

2
2

2

2
2

2

{
γ

γ

=

=
   =>  

)13.....(....................
)12....(....................

{ zz

zz

evevv
eueuu
γγ

γγ

−
−+

−
−+

+=
+=

 

From the equation (10) and (12), one can obtain ±±
−±

= u
q

jv δγ  

The boundary condition is v(L)=0, which means v+(L)+v-(L)=0. Thus v(z) can be 

simplified by equation (13) to become   

zvzv γsinh2)( +=                                                     (14) 

We also can simplify )(zu  by equation (11) and (13) to get 

)sinhcosh(2)( ** z
q
jz

q
vzu γδγγ

+= +                                       (15) 

If the grating is uniform, then the reflection coefficient is 

)sinh()cosh(
)sinh(

)0(
)0()(

*

LiL
Lq

u
vr

γδγγ
γδ

−
−

==  

and the transmission coefficient becomes  

)sinh()cosh()0(
)()(

LiLu
Lut

γδγγ
γδ
−

==  
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However, if the grating is nonuniform, it can be thought of being composed with many 

tiny uniform gratings. So the reflection and transmission coefficient of each tiny 

uniform grating can be written as the matrix: 

⎥
⎦

⎤
⎢
⎣

⎡
⋅=⎥

⎦

⎤
⎢
⎣

⎡
Δ+
Δ+

)(
)(

)(
)(

zv
zu

T
zv
zu

j                                                (16) 

As the result, the whole grating can be described by the total transfer matrix: 

⎥
⎦

⎤
⎢
⎣

⎡
⋅⎥

⎦

⎤
⎢
⎣

⎡
=⎥

⎦

⎤
⎢
⎣

⎡
⋅=⎥

⎦

⎤
⎢
⎣

⎡
⋅⋅⋅⋅=⎥

⎦

⎤
⎢
⎣

⎡
− )0(

)0(
)0(
)0(

)0(
)0(

......
)(
)(

2221

1211
121 v

u
TT
TT

v
u

T
v
u

TTTT
Lv
Lu

NN             (17) 

But how to calculated T ? From equation (14) and (15), 

)sinh(2)( zvzv γ+=   , 

)sinh()cosh((2)( ** z
q
jz

q
vzu γδγγ

+= +  

=> ))(sinh(2)( Δ+=Δ+ + zvzv γ  , 

)(sinh())(cosh((2)( ** Δ++Δ+=Δ+ + z
q
jz

q
vzu γδγγ  

Use these equations above, we can find the Tj to fit the matrix (16) 

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

Δ−ΔΔ

ΔΔ+Δ
=

)sinh()cosh()sinh(

)sinh()sinh()cosh(
*

γ
γ
δγγ

γ

γ
γ

γ
γ
δγ

iq

qi
Tj  

When knowing Tj , T can easily be calculated. With the boundary conditions of u(0)=1 

and v(L)=0, we can derive 
22

21)(
T
Tr −

=δ  , 
22

1)(
T

t =δ  from (17). 

This is the so-called transfer matrix method. 
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2.1-3 Discrete layer-peeling method 

The discrete layer-peeling method comes from an inherently discrete model [1]. 

It was first developed by geophysicists and later be extended by Bruckstein et. 

al.[2,3]. In the following this discrete layer-peeling method was mainly developed 

by J. Skaaret. al.[4]. For the Tj previously calculated from the Transfer matrix 

method, it can further be thought of composing a pure propagation transfer matrix 

ΔT  and a discrete reflector matrix ρ
jT  as illustrated in Fig5. Here Δ  is the 

propagation distance and ρj is the j -th discrete reflector. 

 

ρ
jj TTT ⋅= Δ  

⎥
⎦

⎤
⎢
⎣

⎡
=

Δ−

Δ
Δ

δ

δ

i

i

e
e

T
0

0
,       

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

−
−

−
=

1
1

||1
1 *

2
j

j

j

jT
ρ

ρ

ρ
ρ  

Here 
||

)|tanh(|
*

j

j
jj q

q
q Δ−=ρ  

Substituting ΔT and ρ
jT  into the (16), we can derive an expression for the reflection 

coefficient )(δγ j  

Δ
+

Δ
+

+

+
=≡

δ

δ

δγρ
δγρ

δ
δ

δγ
i

jj

i
jj

j

j
j e

e
u
v

2
1

*

2
1

)(1
)(

)(
)(

)(                                       

The equation above can be simplified to 
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)(1
)(

)( *
2

1 δγρ
ρδγ

δγ δ

jj

jji
j e

−

−
⋅= Δ−

+                                           (18) 

 

Fig. 6  )(1 δγ  can be thought as the sum of impulse responses from every reflector. 

 

To obtain )(1 δγ  and 1ρ , we first note Fig6. )(1 δγ  can be thought as the sum of 

impulse responses from every jρ reflector. 

∑
∞

=

Δ=
0

1 )2exp()()(
τ

δττδγ ih                                            (19) 

In equation (19), 
Δ

=
2
tτ  (t means time), )(τh  is the impulse response for each jρ , 

and )2exp( Δδτi  is the phase difference caused by every jρ . When τ=0, then 

)(1 δγ  only receive the impulse response from 1ρ . 

∫
Δ

Δ
−

Δ
===>

2

2

111 )()0(

π

π

δδγ
π

ρ dh  

The equation above can be expressed as the discrete form: 

∑
=

=
M

m
m

M 1
11 )(1 γρ                                                   (20) 

However fiber gratings have limited length. If the grating is thought of being 

composed with N tiny sections, it is impossible to accomplish equation (19) forτup to 

∞ . As the result the apodization-windowing procedure such as the Hanning-window 

procedure in digital-signal processing needs to be used to confineρto the finite 

number. Only the ρ in this specific window would be calculated. 
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The whole steps to realize Discrete layer-peeling method are: 

1. Design the target reflection spectrum. )(δγ and transfer it to a realizable reflection 

spectrum )(1 δγ  by the Hanning-window procedure. 

   )()()(1 δδδγ Wr ⊗=  

   )(δW  is the Fourier transform of )(τw , and  

)]2cos(1[
2
1)( πττ +=w , here⊗means convolution algorithm. 

2. Take )(1 δγ  into equation (20) to get 1ρ  

3. Substitute 1ρ  and )(1 δγ  into equation (18) to obtain )(2 δγ . 

4. Repeat steps 2 and 3 until the whole tiny reflectors jρ  are all calculated. 

5. Due to 
||

)|tanh(|
*

j

j
jj q

q
q Δ−=ρ   , so we can get jq  

   )
||1
||1

ln(
2
1||

j

j
jq

ρ
ρ

+

−

Δ
=    , jjq ρargarg −=  

This is the Discrete layer-peeling method. 
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2.1-4 Lagrange multiplier optimization method  

    The method of Lagrange multipliers will be introduced in the following. 

If we define Λ as the Lagrangian, 

∑+=Λ
k

kk yxgyxfyx ),(),(),,( λλ  

where ),( yxf is the function to be optimized, ),( yxgk is the constraint functions and 

kλ are the Lagrange multipliers. The optimization realizes when 

0=
∂
Λ∂

=
∂
Λ∂

=
∂
Λ∂

kyx λ
 

In 2006, Cheng-Ling Lee et. al. applied the Lagrange multiplier constrained 

optimization method to the multichannel DWDM fiber Bragg grating filters design [5]. 

Their theory was first starting from the coupled-mode equations. 

uzqvi
dz
dv

vzqui
dz
du

)(

)(
{

*+−=

+=

δ

δ
                 

 
Fig. 7  The forward and backward amplitude in FBG. 

 

By the boundary conditions 1)0( =u  and 0)( =Lv and the transfer matrix method, then 

)(zu  and )(zv  can be obtained. 

    The design goal is to obtain the coupling coefficient )(zq  to produce an output 

reflection )(λγ  optimally close to the given reflection spectrum )(λγ d . We define 

the objective functional that will be minimized as follows: 

∫ ∫
∞

∞−

+−=Φ
L

d dzzqd
0

22 )]([
2

)]()([
2
1 βλλγλγ  
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Here 2|
)0(
)0(|)(

u
v

=λγ  and ∫
L

dzzq
0

2)]([
2
β  is the constraint term for reducing the 

maximum value of )(zq . 

Suppose IR iuuu +=  and IR ivvv +=  are decomposed into real and imaginary parts. 

Substituting them into the coupled-mode equations, we can get: 

The real part of u         0=−+ RI
R qvu

dz
du δ  

The imaginary part of u    0=−− IR
I qvu

dz
du δ  

The real part of v         0=−− RI
R quv

dz
dv δ  

The imaginary part of v    0=−+ IR
I quv

dz
dv δ  

So the complete Lagrange Multiplier Optimization functional can be rewritten as: 

∫∫
∞

∞−

+−=
L

d dzzqdJ
0

22 )]([
2

)]([
2
1 βλλγγ  

∫ ∫
∞

∞−

−+
∂
∂

+
L

RI
R

Ru dzdqvu
z

u

0
, ][ λδμ ∫ ∫

∞

∞−

−−
∂
∂

+
L

IR
I

Iu dzdqvu
z
u

0
, ][ λδμ  

∫ ∫
∞

∞−

−−
∂
∂

+
L

RI
R

Rv dzdquv
z
v

0
, ][ λδμ ∫ ∫

∞

∞−

−+
∂
∂

+
L

IR
I

Iv dzdquV
z
v

0
, ][ λδμ  

Where uμ  , vμ  are the Lagrange multipliers for enforcing u  and v  to satisfy the 

coupled mode equations. 

To minimize J , by performing variation to Ru , Iu , Rv , Iv , one has: 

0=
∂
∂

Ru
J   

)22..(..............................0

)21......(....................0|))((
2
1

{
,,

,

0,
2

=−−
∂
∂−

=+−
∂
∂

q
z

u

RvIu
Ru

L
Rud

R

μδμ
μ

μλγγ
 

0=
∂
∂

Iu
J   

)24..(..............................0

)23......(....................0|))((
2
1

{
,,

,

0,
2

=−+
∂
∂−

=+−
∂
∂

q
z

u

IvRu
Iu

L
Iud

I

μδμ
μ

μλγγ
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0=
∂
∂

Rv
J   

)26..(..............................0

)25......(....................0|))((
2
1

{
,,

,

0,
2

=−+
∂
∂−

=+−
∂
∂

q
z

v

RuIv
Rv

L
Rvd

R

μδμ
μ

μλγγ
 

0=
∂
∂

Iv
J   

)28..(..............................0

)27......(....................0|))((
2
1

{
,,

,

0,
2

=−−
∂
∂−

=+−
∂
∂

q
z

v

IuRv
Iv

L
Ivd

I

μδμ
μ

μλγγ
 

Setting IuRuu i ,, μμμ +=  , IvRvv i ,, μμμ +=  and with the equations (22), (24), (26) and 

(28), one has: 

uv
v

vu
u

qi
z

qi
z

μδμμ

μδμμ

−−=
∂
∂

−=
∂
∂

{                                                 (29) 

To obtain the boundary condition of equations (29), we can focus the other equations 

(21), (23), (25) and (27). By considering the )0(Ru  case, with 2|
)0(
)0(|)0(

u
v

=γ , from 

equation (21): 

0)0(][
)0(2

1
,

2 =−−
∂
∂

Rud
Ru

μγγ  

0)(
)0(

][)0( 22

22

, =
+
+

∂
∂

−+−⇒
IR

IR

R
dRu uu

vv
u

γγμ  

0]
)(

][[2)0( 222

22

, =
+
+

−−−⇒
IR

IR
dRRu uu

vvu γγμ  

02][)0( 22, =
+

−−−⇒
IR

R
dRu uu

u γγγμ                                      (30) 

Here we only concern the point of 0=z . 

   From equation (23) in the )0(Iu case with the similar steps above, one can get: 

02][)0( 22, =
+

−−−
IR

I
dIu uu

uii γγγμ                                        (31) 

Equations (30) and (31) can be mixed to be simplified to: 

22 )0()0(
)]0()0()[0(2)0()0(

IR

d
u uu

u
+
−

−=
γγγμ                                     (32) 

)0(vμ  also can be known by using the equations (25) and (28) at the point of 0=z . 
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This means by using the cases of )0(Rv  and )0(Iv  with the similar steps above, we 

can obtain: 

22 )0()0(
)]0()0([2)0()0(

IR

d
v uu

v
+
−

=
γγμ                                         (33) 

Finally 

∫
∞

∞−

−−+=
∂
∂ )()()()([)(

)( ,, mImIumRmRum
m

zvzzvzzq
zq
J μμβ  

)34.(..............................)]()()()( ,, λμμ dzuzzuz mImIvmRmRv −−  

q
J
∂
∂  has to be as close to zero as possible. 

    The whole steps of the optimization algorithm are as follow: 

1. Gauss an initial trial )(zqini  and let the old function )()( zqzq iniold =  

2. Substitute )(zqold  into the transfer matrix method to get )(zu and )(zv from 

z=0~L. 

3. Once knowing )0(u and )0(v , substitute them into the equations (32) and (33) to 

obtain the boundary conditions )0(uμ and )0(vμ . 

4. When knowing )0(uμ and )0(vμ , substituting them into equation (29) to obtain 

)(zuμ and )(zvμ  

5. Check 
)(zq

J
∂
∂ in the equation (34) to see if it is near zero with the obtained )(zuμ , 

)(zvμ , )(zu and )(zv . If not, update )(zq  by 

   
)(

)()(
zq

Jzqzq
old

oldnew ∂
∂

−= α  

   where β and α  are ad hoc constants. 

6.  Let newold qq = , repeat step 2~5 until 
q
J
∂
∂  converges to zero. 
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2.2 Fabrication methods 

2.2-1 Sequential UV writing techniques  

One of the fabrication methods to produce a complex refractive index change 

fiber grating like in Fig. 8 is the sequential writing technique. By exposing small 

Gaussian beams of ultraviolet light on the photosensitive fiber step by step as 

shown in Fig. 8, fiber gratings of complicated refractive index change can be 

produced. When using the sequential writing technique, the interference pattern must 

be matched for each step, as illustrated in Fig. 9, so that these small Gaussian 

ultraviolet beams can be sequentially combined to form a long complex grating. 

However, this method also arouses an issue: the position errors for each step must be 

small enough in order to implement complex fiber gratings with high quality.  

 
Fig. 8. A complex refractive index change fiber grating and 

the sequential writing techniques. 

 
Fig. 9  The interference phase match for each step. 
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2.2-2 Real-time interferometric side-diffraction position  

monitoring by probing the reference fiber grating  

For the sequential writing techniques, the issues of the position errors for each step 

had been researched by our group. In 2005, we proposed a fiber Bragg grating 

sequential UV-writing method with real-time interferometric side-diffraction position 

monitoring to reduce the position errors [6]. Fig. 10 is the easy-looking figure of the 

previous work. The fabrication platform includes two fibers, one PZT, one step motor, 

a He-Ne laser for position monitoring, a CCD and a computer for control and data 

taking. The step motor moves the fiber to other position so that the ultraviolet beam 

can write on the other position of the photosensitive fiber. On the other hand, the PZT 

is controlled by the computer for adjusting the phase of interference to match with the 

phase of the previous step. 

Fiber A is where the ultraviolet light writes. Fiber B is a long reference fiber 

grating for position monitoring. When the He-Ne laser is incident on the Fiber B, it 

will diffract into different orders of lights. We use the first order diffraction light to 

form the interference pattern on the CCD, as shown in Fig. 11. The CCD records the 

real time interference pattern which contains the position information of the exposed 

fiber as illustrated in Fig. 12. After the CCD records the real time interference pattern, 

the computer analyze it, Fourier-transform it into the spectral domain and after filtering 

it, inverse-Fourier-transform it back to the spatial domain to obtain the phase 

information. After the computer obtains the phase information of the interference 

pattern, it will compare with the phase information of the previous step. If the phases 

between this step and the previous step are not matched, the computer will 

feedback-controlled the PZT for adjusting until the two phases are matched. In the 

design, 2% error is acceptable for the feedback control. Fig. 13 is a more simplified 
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drawing to present the concept. Fig. 14 shows the flow chart of the fabrication 

procedure. First the ultraviolet light for exposure is turned on. Then the UV light is 

turned off after exposing one section, the step motor moves the fiber to next position, 

with possible phase mismatch. The feedback control of PZT adjustment is then 

achieved by the computer for phase matching. After the phase matching, the ultraviolet 

light is turned on again for next exposure. The sequential writing can be achieved by 

repeating the above procedures. 

In our previous work, a 58 steps of about 70 mm long Gaussion apodized FBG was 

produced. The scan step is about 1.2mm. Another example is a 70 steps of 40mm long

π-phase-shifted apodize FBG with the scan step about 0.6 mm. These examples 

demonstrate the feasibility of fabricating phase-shifted fiber gratings by the sequential 

writing technique. The experimental data are presented in Fig. 15. 

 

2.2-3 Real-time interferometric side-diffraction position  

monitoring by probing the reference phase mask 

The fabrication platform from our past work still has some disadvantages: First, 

the Fiber B’s core was too small, making it difficult to align. Besides, the side 

diffraction efficiency of FBGs was too weak, making the noises from the surrounding 

become obvious. If the side diffraction efficiency can be larger, the noises can be 

relatively non-obvious. So the weak diffraction efficiency leads to larger errors for the 

position monitoring. 

The other disadvantage is that the period of the ultraviolet interference light may 

be mismatched with the reference FBG. Fig. 16 shows how the reference FBG is 

produced in past work. The CCD reads the interference pattern from the previous step. 

The reading errors from the previously exposed FBG section may cause accumulative 
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errors when writing step by step, which means the produced reference FBG will have 

accumulative errors included. 

To analyze the effects of the period difference between the position monitoring 

grating and the ultraviolet interference light, simulation of 40 step sequential writing 

has been performed as an example. Fig. 17 is the result of 0 percent period mismatch. 

The side mode suppression ratio of the reflection spectrum is about 35dB. When the 

period mismatch is 5%, the result is Fig. 18. The reflection spectrum experiences little 

deformation and a shift of the center wavelength, but is still acceptable. If the period 

mismatch is larger than 5% , for example, to 10%, the deformation of the reflection 

spectrum becomes worse and the shift from the center wavelength becomes larger, 

which makes the quality of the FBG becomes not acceptable for the original design. So 

the period difference has to be kept lower than 5%. 

In 2007, we proposed a new setup of fabrication platform with real-time 

interferometric side-diffraction position monitoring by probing a reference phase mask 

[7]. Fig. 19 is the easy-looking figure of the experimental setup. There we used a phase 

mask as the component for position monitoring to replace the original reference fiber 

grating. What is the advantage of using the phase mask but not the reference FBG? 

One of the reasons is that the phase mask component is larger than the small core of 

the fiber so that it is easier to align. Moreover, the phase mask has diffraction 

efficiency large to 21%. Compared with the small diffraction efficiency of the 

reference FBG, the noises from the CCD reading is relatively less-obvious. On the 

other hand, when the ultraviolet light interference is also made by the phase mask, not 

the two beam interference, then using the phase mask as the position monitoring can 

effectively reduce the period mismatch. Also, the phase mask is typically produced by 

the e-beam method, which may be more accurate than the reference FBG produced by 
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the sequential writing technique. In our past work, the accumulative errors of the 

reference FBG may increase the phase errors for every step when using the sequential 

writing technique. Now, because the less accumulative errors of the phase mask, the 

phase errors for every step can be reduced. 

The reflection and transmission spectra of an apodized FBG fabricated by using 

this new setup are presented in Fig. 20. Its measured index profile is also shown in the 

figure. The final FBG is produced after a 40-section sequential writing to yield a total 

grating length of 40 mm. This demonstrates the feasibility of probing a reference phase 

mask for position monitoring during the FBG sequential writting.  

 

 

 
Fig. 10 The easy-looking figure of the real-time interferometric side-diffraction 

position monitoring by probing the reference fiber grating. 
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Fig. 11  The interference setup and pattern on CCD. 

 

 

 

Fig. 12  The computer analyzes the real time interference pattern. 
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Fig. 13  The computer feedback controls the PZT for achieving phase match. 

 

 

 

Fig. 14  Illustration of fabrication procedures. 
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Fig.15  Examples of FBG fabricated. 

 

 

Fig. 16  Method to produce the reference FBG. 
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Fig.17  Result of 0 percent period mismatch between the writing beam and 
the reference FBG. 

 

 

Fig. 18  Results of 5 and 10 percent period mismatch between  
the writing beam and the reference FBG 
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Fig. 19 Real-time interferometric side-diffraction position monitoring 

by probing the reference phase mask. 
 
 

 

Fig. 20 Example of FBG fabricated. 
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2.2-4 Least square error fitting method for determining the  

exposure parameters 

In section 2.2-1, the sequential UV writing techniques had been introduced. In 

order to realize this technique (also called the overlap-step-scan method) for 

fabricating the designed FBGs [8], we use the least square fitting method [9] to find the 

best experimental parameters for every sequential exposure steps. 

In the overlap-step-scan exposure method, the exposure of every step is a small 

gaussian beam. Assuming )(zAm  is the refractive index envelope of the m-th small 

gaussian beam and )(zAid  is the refractive index envelope of the FBG design, then 

)(zAm  can be written as: 

)/)(exp()( 22 wszzCzA mmm −−⋅=  

Here mC  is the amplitude of the m-th small gaussian beam, ws is the width of the 

gaussian beam and mz  is the central position of the m-th exposure gaussian beam. So 

we can determine the optimum parameters of the overlap-step-scan exposure by using 

the following merit function, 

∫ ∑−=
m

midm dzzAzAC 2)]()([})({σ  

In the above, ∑
m

m zA )(  need to be as close to )(zAid  as possible. By using the least 

square method, this goal can be achieved, if the following equations are satisfied, 

∫ ∑ =
−

−⋅−−=
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m
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    Therefore, we can get the amplitude of the small gaussian beam for each step in 

the sequential UV writing technique by solving the above set of linear algebraic 

equations for mC  with given ws  and mz . 
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Chapter 3 

Principles of the research 

    

3.1 LMO algorithm for optimization correction of 

superimposed FBG design 

In this study, we adopt a hybrid approach which mixes the Lagrange multiplier 

optimization (LMO) method with other algorithms for the case of superimposed 

fabrication method. The LMO algorithm starts from the following objective functional 

that needs to be minimized: 
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Here 2|)0(/)0(|)( RS=λγ  is the FBG reflection spectrum which is determined by 

the coupling coefficient q . The design goal is to minimize the difference of )(λγ  and 

the target reflection spectrum )(λγ d  by setting 0// =∂∂=∂∂ SJRJ  and iterative 

calculating jqJ ∂∂ /  till it converges to zero. In this equation the Lagrange multipliers 

are separated into real and imaginary parts, IRRRR i ,, μμμ +=  and ISRSS i ,, μμμ += . On 

the other hand, in order to simulate different periods of gratings superimposed with 

each other, the period shift from Dλ  ( Λ= effD n2λ , Λ  is the grating period) can be 
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thought as the linear phase shift of the coupling coefficient. As the result, the coupling 

coefficient for each exposure can be written as  

)2sin2)(cos()2exp()( zizzqzizq jjjjjjj δδδ +−≡⋅− ll . Here jl  is the position shift for 

avoiding the index change saturation of the photosensitive fiber, and λ
λ

π
δ Δ×−= 2

2

D

effn . 

We apply the discrete layer-peeling method to synthesize the initial coupling 

coefficient for each single channel and therefore the obtained )( jj zq l−  are real in 

this study.  

In the case of the superimposed fabrication method, the total length L could be 

composed of several parts. For example, we can consider three different periods of 

gratings superimposed to form the total length L, as shown in Fig. 1. Then the total 

length of FBG should be divided into five sections: 0~L1, L1~L2, L2~L3, L3~L4, L4~L. 

The corresponding coupling coefficients are 1q , )2exp( 221 ziqq δ⋅+ , 

)2exp()2exp( 33221 ziqziqq δδ ⋅+⋅+ , )2exp()2exp( 3322 ziqziq δδ ⋅+⋅ , )2exp( 33 ziq δ⋅  

respectively. 

 
Fig. 1  Example of three channel superimposing. 

 

To minimize the cost function J , variation with respect to the forward- and 

backward modes R and S  is used and the equations of the corresponding Lagrange 

multipliers become, 

{
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In Eq(2), q  needs to be replaced by different coupling coefficients of different 

sections such as the five sections in the example above. The boundary conditions of 

Eq(2) could be obtained by varying R and S at 0=z ,             

22 )0()0(
)]0()0()[0(2)0()0(

IR

d
R RR

R
+
−

−=
γγγ

μ                                      

22 )0()0(
)]0()0([2)0()0(
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S RR

S
+
−⋅

=
γγ

μ                        (3) 

    Afterwards, the cost functional J is varied with respect to the coupling 

coefficient jq  to obtain: 
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    The whole LMO algorithm mixed with the superimposed method may be 

summarized in the following: 

1) After getting the coupling coefficient inijq _  by the discrete layer-peeling method, 

superimpose them and calculate the distortion of reflection spectra. Let 

)()( __ zqzq inijoldj = . 

2) From the coupled-mode equations with the oldjq _  getting from step 1), )(zR  and 

)(zS  can be obtained from Lz =  to 0=z . 

3) Use Eq(3) to set the boundary conditions of )0(Rμ  and )0(Sμ . Then use Eq(2) to 

calculate the Lagrange-multiplier functions )(zRμ  and )(zSμ  from 0=z  to 

Lz = . 
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4) Find jqJ ∂∂ /  by Eq(4). If convergence is not reached, update the coupling 

coefficients by 

j
oldjnewj q

Jzqzq
∂
∂

−= α)()( __  

where α  is an ad hoc constant, which can determine the iteration rate.  

5) Let newjoldj qq __ =  and repeat the steps 2) to 4) till jqJ ∂∂ /  converges to zero. 
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3.2 A new fabrication method not limited by the phase  

mask length 

    In this section we present a new FBG fabrication platform that is not limited by 

the length of the phase mask. In Fig. 2(a), the function of the based translation stage is 

to move the writing fiber to different position for exposing UV lights. A smaller 

translation stage mounted on it is to move the uniform phase mask fixed above the 

smaller translation stage. When the writing module has written the length of FBG 

nearly equals to the phase mask length, the smaller translation stage can be used to 

extend the writing range. Other components in the setup include a writing fiber, a 

reference FBG that is made by this uniform phase mask is for side-diffraction position 

monitoring and a piezoelectric translator stage (PZT) which is between the smaller 

translation stage and the uniform phase mask with sub-nm position resolution for 

accurately fine-tuning. Further in Fig. 2(a) it also shows a He-Ne laser (632.8nm) for 

probing the position information. The laser beam is divided into two probe beams K 

and M with a polarization beam splitter. The probe beam M will emit into the reference 

FBG and generate the diffraction beams. The probe beam K splits again into two probe 

beams Ka and Kb. Kb will emit to the phase mask and the diffraction beams will be 

generated, too. Ka functions as the reference beam to form the interference pattern 

with the diffraction beams from Kb or M for obtaining the phase information with the 

CCD camera connected to the computer. 

    When the UV light is exposing the writing fiber of which the length still not 

exceeds the phase mask length, the shutterB closes, and the shutterA opens. The 

interference pattern read by the CCD camera is produced with the probe beams Kb and 

Ka, which carries the phase information of the phase mask. Therefore when the phase 

shift is required by the design of FBG, the computer can analyze this phase 
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information from the CCD and then controls the PZT for fine-tuning the phase mask 

position to produce the phase shift. 

    However, if the UV lights have been exposing the writing fiber of which the 

length nearly exceeds the phase mask length and will continue exposing to longer 

length, the small translation stage will start to move the PZT stage with the phase mask 

mounted on it to the next written section, as shown in Fig. 2(b). In this figure, the base 

translation stage moves rightwards so that the phase mask is now probed in its left end. 

At this time, the smaller translation stage will be ready to move leftwards for the next 

writing section. However, in order for the UV interference phase can match with that 

of previous section after moving, the computer should record the phase of previous 

section and control the PZT for fine-tuning to match the phase with the previous one. 

Further, since the adjacent FBG sections have to be joined with high accuracy, the 

mechanical vibration errors during the movement of the smaller translation stage 

should also be concerned because it may cause the phase shift errors between the 

writing fiber and the phase mask. We utilize a reference fiber Bragg grating to probe 

this movement error. Since the writing fiber and the reference FBG are mounted on the 

same base translation stage, not the smaller translation stage, thus by probing the 

reference FBG one can acquire the writing fiber position shift information from the 

phase change of interference read by the CCD. In short, the section-by-section 

connection moment of the phase mask moved by the smaller translation stage may be 

summarized in the following steps: 

1) Close the shutterB, open the shutterA, then the CCD records the interference phase 

information 1aθ  for the phase mask. 

2) Close the shutterA, open the shutterB, then the CCD records the interference phase 

information 1bθ  for the reference FBG. 



 39

3) Close the shutterB, move the phase mask to the next section by the smaller 

translation stage. 

4) Open the shutterB, then the CCD records the interference phase information 2bθ  

for the reference FBG. 

5) Close the shutterB, open the shutterA, then the CCD records the interference phase 

information 2aθ  for the phase mask. 

6) The computer analyzes the interference phase difference of the reference FBG 

before and after the phase mask had been moved. After that, the feedback control 

of the PZT moves the phase mask position till )()(2 1212 aabb θθθθ −=−⋅  is reached 

and then stop. The reason to be multiplied by 2 is due to the phase mask grating 

period is twice larger than that of the reference FBG. 

Such a fabrication platform design can in principle produce any length of FBGs 

without being limited by the phase mask length. To product specific FBGs by using the 

superimposed method, the phase mask in Fig, 2(a) could be replaced by the particular 

phase mask as shown in Fig. 2(c). With several parts of different periods of uniform 

gratings in one phase mask, the setup can just be aligned one time rather than change 

different periods of uniform phase masks and realign many times, which may lead to 

more errors and uncertainties. Also, the reference FBG could be replaced by a longer 

and strong refractive index modulation FBG for stronger diffraction light intensity, 

which can also be produced by the Fig. 2(a) platform. For this case the 

section-by-section connection of the phase mask will require to feedback control the 

PZT until raajbb λθθλθθ ⋅−=⋅−⋅ )()(2 1212  is reached. Here j =1, 2, 3, 4 represent 

different periods of the phase masks, rλ  here is the reference FBG period. 
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Fig. 2. (a) Whole structure of the new fabrication platform. (b) Diagram of 
section-by-section connection before and after the smaller translation stage is ready to 
move to the next writing position. (c) One example for the phase mask to be used with 
the superimposed method. 
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Fig. 2-1  Flow chart of the algorithm before and after the 

small translation stage moves to the next section. 
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Chapter 4 

Results and discussion of the research 

    

4.1 Discussion of optimization correction results 

In order to verify the optimization correction of spectral distortion for 

multichannel FBGs, we apply the superimposed method as the example for correcting 

the initial spectral distortion. In the designed multichannel FBGs, the targeted 

reflection spectrum is set to be 

}]
))

2
12((

[exp{ 20
1

2

2

∑
−

−
=

Δ

Δ⋅
+

+−
−⋅=

N

Nm

CSC
m

Rr
λ

λλ
 

where Cλ  is the central wavelength, CSΔ  is channel spacing, λΔ  is the bandwidth 

for each channel, the maximum reflectivity is 99.0=R  and the total number of the 

channels is N . 

    The first synthesized example is a four-channel FBG, N=4. The channel spacing 

is 50=ΔCS GHz and the full width at half maximum (FWHM) is about 0.28nm and the 

-30dB bandwidth is 0.32nm. The original index modulation profiles of each channel 

are shown in Fig. 3(c.2), which are designed by the discrete layer-peeling method and 

the grating length is set to be 30mm with the total number 300 of the calculated 

spectral points. The location distribution of these four channels for superimposing is 

shown in Fig. 3(b). From left to right they are with 1550nm, 1550.8nm, 1550.4nm, 

1549.6nm center wavelength, and the total length is 55mm, with the total maximum 

index modulation about 4103 −⋅ . Different order of positioning could lead to variety of 

spectral distortion. We arbitrarily select this order here. The reflection spectrum of the 

original index modulation profile is shown in Fig. 3(c.2). For each channel the side 
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lobes are below -30dB as shown in Fig. 3(c.1). However after superimposing, the 

spectral distortion is worsened to be about -16dB as shown in Fig. 3(a), Fig. 3(a) also 

shows the simulation results, with α  set between 110− and 210− . After iteration by the 

LMO algorithm, the reflection spectrum can be corrected very well to meet our design 

target of -30dB side-lobe suppression between the channels. Fig. 3(b) shows the 

corrected index modulation for each channel after the optimization correction. This 

four-channel example demonstrates the feasibility of correcting the spectral distortion 

by the LMO optimization method, which causes small variation of the original index 

modulation profile for each channel. 

    An eight-channel FBG, N=8, is another design example and is presented in the 

following. The channel spacing is 25=ΔCS GHz and the full width at half maximum is 

0.11nm and the -30dB bandwidth is 0.15nm. Fig. 4(c.2) shows the 45mm original 

index modulation profile for each channel with the 450 number of the calculated 

spectral points. The location distribution of these eight channels is shown in Fig. 4(b) 

with the order we arbitrarily select. Here from left to right they are with 1550nm, 

1550.8nm, 1550.2nm, 1549.6nm, 1550.6nm, 1549.8nm, 1550.4nm, 1549.4nm center 

wavelength and the total length of this superimposed FBG is 90mm, with the total 

maximum index modulation about 4103 −⋅ . The original spectrum is presented in Fig. 

4(a). Compared with the reflection spectrum of the original index modulation profile in 

Fig. 4(c.2), for each channel the side-lobe suppression is below -30dB outside the 

channel as shown in Fig. 4(c.1). The reflection spectrum is worsened to be about 

-12dB after superimposing. However it can be perfectly corrected to meet our design 

target of -30dB after iteration by the LMO algorithm with α  set between 110− and 

210− . The corrected index modulations of each channel are presented in Fig. 4(b). This 

example again demonstrates the feasibility of using the LMO algorithm for optimizing 
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the spectral distortion correction. 

 

 

4.2 Tolerance analyses 

    In order to evaluate the practical fabrication tolerances of the index modulation 

profiles designed above, we focus on the new fabrication platform for the sequential 

UV writing technique mentioned in the previous section to perform the analysis. The 

source of phase errors include the interference phase errors from the CCD reading, the 

phase match errors from the section-by-section connection, and the requirement of the 

phase shift from the index profile. In our design the maximum acceptable phase error 

is ±2%. Other sources of errors are the measurement error of gaussian UV beam size 

and the intensity errors for each step exposure. Here we simulates three different 

values (±2%, ±5%, ±10%) of the random beam size and intensity errors with ±2% 

random phase (or position) errors. The maximum length of the phase mask on which 

the UV light can expose is assumed to be 15mm. Therefore we will connect two times 

of 30mm FBG for each channel in the four-channel case and three times of 45mm FBG 

in the eight-channel case. The simulation results are shown in Fig. 5(a) and (b). For Fig. 

5(a) the FWHM of the UV beam is 400um, the scan step during the exposure for each 

channel are 300 um (equivalent to total number 100 steps), 300 um (100 steps), 400um 

(75 steps), 200um (150 steps), corresponding to the central wavelength of 1550nm, 

1550.8nm, 1550.4nm, 1549.6nm respectively. For Fig. 5(b) the FWHM of the UV 

beam is 320um, the scan step for each channel are 375um (120steps), 250um 

(180steps), 375um (120steps), 250um (180steps), 300um (150steps), 300um(150steps), 

300um(150steps), 250um(180steps), corresponding to the central wavelengths of 

1550nm, 1550.8nm, 1550.2nm,1549.6nm, 1550.6nm, 1549.8nm, 1550.4nm, 1549.4nm 
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respectively. These two figures present the trend that the reflection spectra are 

worsened approximately 1 dB per ±1% random error. Thus ±5% errors lead to 

degradation of about 5dB, ±10% errors make the reflection spectrum worsen to about 

-20dB isolation outside the channel (10dB degrade). It is better than the original case 

without any optimization process even when the ±10% random errors are counted. 

These simulation results show that with the proposed fabrication platform, up to ±10% 

random errors of the UV beam size and intensity for each step may be tolerable for the 

designed multichannel FBGs. 

 

 

 

 

 

Fig. 3.  Four-channel FBG filter with 50GHz spacing corrected by the LMO method. 
(a) Reflection spectra before and after optimization correction to meet the -30dB target. 
(b) The position distribution and the corrected index modulation. (c.1) The reflection 
spectrum of each channel without any correction, here is the example of 1550nm 
channel wavelength. (c.2) The original index modulation of each channel before 
correction. 
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Fig. 3-1 Reflection spectrum of four-channel FBG filter. 

 

 

 

Fig. 3-2 Optimization correction to the target -30dB side-lobe suppression 

outside the channels by the LMO algorithm. 



 47

 

 
Fig. 3-3 Corrected index modulation for the channel wavelength 1550nm  

in the four-channel case. 

 

 

 
Fig. 3-4 Corrected index modulation for the channel wavelength 1550.8nm  

in the four-channel case. 
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Fig. 3-5 Corrected index modulation for the channel wavelength 1550.4nm  

in the four-channel case. 

 

 

 
Fig. 3-6 Corrected index modulation for the channel wavelength 1549.6nm  

in the four-channel case. 
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Fig. 4.  Eight-channel FBG filter with 25GHz spacing corrected by the LMO method. 
(a) Reflection spectra before and after optimization correction to meet the -30dB target. 
(b) The position distribution and the corrected index modulation. (c.1) The reflection 
spectrum of each channel without any correction, here is the example of 1550nm 
channel wavelength. (c.2) The original index modulation of each channel before 
correction.  
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Fig. 4-1 Reflection spectrum of eight-channel FBG filter. 

 

 

Fig. 4-2 Optimization correction to the target -30dB side-lobe suppression  

outside the channels by the LMO algorithm. 
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Fig. 4-3 Corrected index modulation for the channel wavelength 1550nm 

in the eight-channel case. 

 

 

 
Fig. 4-4 Corrected index modulation for the channel wavelength 1550.8nm 

in the eight-channel case. 
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Fig. 4-5 Corrected index modulation for the channel wavelength 1550.2nm 
in the eight-channel case. 

 

 

 
Fig. 4-6 Corrected index modulation for the channel wavelength 1549.6nm 

in the eight-channel case. 
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Fig. 4-7 Corrected index modulation for the channel wavelength 1550.6nm 
in the eight-channel case. 

 

 

 

Fig. 4-8 Corrected index modulation for the channel wavelength 1549.8nm 
in the eight-channel case. 
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Fig. 4-9 Corrected index modulation for the channel wavelength 1550.4nm 

in the eight-channel case. 

 

 

 
Fig. 4-10 Corrected index modulation for the channel wavelength 1549.4nm 

in the eight-channel case. 
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Fig. 5. The tolerance analyses by the new fabrication method not limited by the phase 
mask length. (a) Reflection spectra with ±2%, ±5%, ±10% random errors for the 
four-channel FBG filter. (b) Reflection spectra with ±2%, ±5%, ±10% random errors 
for the eight-channel FBG filter. 
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Fig. 5-1 ±2% random errors of the UV beam size and intensity for each scan step  

with ±2% random position phase errors in four-channel case. 
 
 
 

 
Fig. 5-2 ±5% random errors of the UV beam size and intensity for each scan step 

with ±2% random position phase errors in four-channel case. 
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Fig. 5-3 ±10% random errors of the UV beam size and intensity for each scan step 

with ±2% random position phase errors in four-channel case. 

 

 

 
Fig.5-4 Reflection spectra for ±2%, ±5%, ±10% random errors of four-channel FBG 
filter. The red line is the original distortion; the black line is ±10% random errors; the 
blue line is ±5% random errors; the orange line is ±2% random errors and green line is 
the target reflection spectrum. 
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Fig. 5-5 ±2% random errors of the UV beam size and intensity for each scan step 

with ±2% random position phase errors in eight-channel case. 
 
 
 

 
Fig. 5-6 ±5% random errors of the UV beam size and intensity for each scan step 

with ±2% random position phase errors in eight-channel case. 
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Fig. 5-7 ±10% random errors of the UV beam size and intensity for each scan step 

with ±2% random position phase errors in eight-channel case. 

 

 

 

Fig. 5-8 Reflection spectra for ±2%, ±5%, ±10% random errors of eight-channel FBG 
filter. The red line is the original distortion; the black line is ±10% random errors; the 
blue line is ±5% random errors; the orange line is ±2% random errors and green line is 
the target reflection spectrum. 
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Chapter 5 

Conclusions and Future work 

    

5.1 Conclusions 

In conclusion, an optimized spectral distortion correction method for multichannel 

FBGs based on the Lagrange multiplier optimization method is presented. This is a 

hybrid algorithm starting with other multichannel FBG design methods which may 

cause the spectral distortion and then employing the LMO algorithm for optimization. 

Due to the initially very close-to-optimum index modulation profile, it can fast 

converge to the target reflection spectra with just a little profile variation modified by 

the LMO algorithm and still retains the merits of other multichannel design methods 

such as the easy-fabrication advantage of superimposed FBGs. Compared with other 

optimization algorithms or inverse design methods, the former may need long time for 

iteration from the initial guessed index modulation profile or stochastic optimum 

calculation and both of them may be limited by the feasibility of practical fabrication 

with many steep jumps of the index profile when the number of channels increase. In 

this work a new FBG fabrication platform has also been proposed and investigated. 

The tolerance errors of fabricating the designed FBGs based on this fabrication 

platform are calculated. We find that with ±10% random errors of the UV beam size 

and intensity for each scan step and with ±2% random position phase errors, the 

corrected FBGs still perform better than the original FBGs in terms of the reflection 

spectrum quality. This shows the potential advantages of the new fabrication scheme. 

Finally, it is believed that the proposed hybrid correction algorithm is attractive and 

can effectively reach the optimum solution and reduce the difficulties of complicated 
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FBG fabrication. The new fabrication platform can also enhance the error tolerance 

when practically fabricating the FBG devices. 

 

 

5.2 Future work 

    Some of possible future work include to use the LMO correction method for the 

sampled FBG cases or to practically implement the new FBG fabrication platform and 

to produce a long FBG device like an ultra-narrowband FBG filter for demonstrating 

the high performance and high error tolerance advantages. 
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